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INTRODUCTION 


The  heating  of  living  spaces  has  always  been  a  problem  of 
human  comfort.  There  are  many  methods  of  heating  and  each  method 
has  its  advantages  and  disadvantages.  Electric  resistance  heat- 
ing has  been  recognized  as  ideal  but  is  unable  to  compete  with 
other  methods  of  heating  on  a  cost  basis.  By  use  of  a  heat  pump, 
it  may  be  possible  to  get  3  to  5  kilowatt  hours  of  equivalent 
heat  for  each  kwh  of  energy  supplied  and  thus  enable  electricity 
to  compete  with  other  fuels.  The  heat  pump  also  possesses  the 
additional  advantage  of  being  able  to  provide  summer  cooling  with 
the  same  equipment. 

There  is  considerable  interest  in  the  heat  pump  both  from 
the  users'  and  manufacturers'  standpoints,  and  much  research  in 
various  phases  of  heat  pump  development  is  being  carried  on  by 
both  public  and  private  agencies.  The  heat  pump  offers  possibili- 
ties of  developing  new  types  of  heating  and  cooling  equipment  for 
year-round  comfort.  One  of  the  most  important  and  rapidly  develop, 
ing  markets  for  the  heat  pump  is  in  the  rural  areas.  In  these 
areas  the  heat  pump  offers  year-round  air  conditioning  which  is 
not  now  available. 

The  heat  pump  offers  a  means  of  increasing  the  electrical 
load  in  the  rural  areas.  In  the  low  density  population  regions 
where  the  farms  are  mainly  grain  farms,  the  uses  of  electricity 
are  mainly  centered  in  the  homes.  That  means  that  the  cooking  and 
water  heater  loads  are  basically  important.  The  widespread  use  of 


2 
such  fuels,  as  liquified  petroleum  gas  and  petroleum  for  home 
heating,  means  a  wider  application  of  them  for  cooking  and  water 
heating.  Therefore,  electricity  must  be  able  to  compete  economi- 
cally in  the  space  heating  field,  if  it  is  to  maintain  the  cook- 
ing and  water  heating  loads.  Without  these  two  loads,  the  cen- 
tral station  rural  electric  service  in  the  low  density  regions 
may  not  be  on  a  sound  economic  basis.  Therefore,  the  heat  pump 
represents  more  than  just  a  new  load  to  the  power  supplier;  it 
is  a  factor  in  providing  a  sound  economic  foundation  for  supply- 
ing electric  service  to  the  spaisely  settled  farm  areas. 

HEAT  PUMP  PRINCIPLES 

The  heat  pump  employs  the  standard  compression  refrigera- 
tion system.  In  this  system  there  are  four  component  events  in 
the  cycle.  They  are  compression,  condensation,  expansion  and 
evaporation.  The  refrigerant  in  the  vapor  form  is  drawn  into 
the  compressor  where  it  is  compressed  and  discharged  to  the  con- 
denser. This  high  pressure  vapor  has  a  temperature  in  the 
vicinity  of  100°  F.  The  air  in  the  living  space  is  warmed  by 
heat  transferred  to  the  air  from  the  condenser  when  the  refrig- 
erant changes  to  liquid  on  the  inside  of  the  condenser.  The  high 
pressure  liquid  refrigerant  then  passes  through  the  expansion 
valve  into  the  evaporator.  The  evaporator  is  connected  to  the 
suction  side  of  the  compressor  and  a  low  pressure  is  maintained 
in  the  evaporator  where  the  refrigerant  boils  and  extracts  heat 
from  the  medium  surrounding  the  evaporator.  This  medium  is  the 


heat  source  for  the  heat  pump. 

The  evaporator  may  be  placed  in  air,  water,  or  earth,  which 
are  the  general  sources  of  heat  for  the  heat  pump.  In  many- 
places  the  air  is  too  cold  to  be  an  economical  source  of  heat. 
Water  is  a  good  source  except  that  it  is  unavailable  in  many 
places.  Ground  water  at  depths  of  100  feet  or  more  is   not 
economical  because  of  high  pumping  costs.  The  earth,  however, 
is  available  as  a  heat  source  on  a  more  universal  basis. 

The  heat  that  is  put  into  the  living  space  is  the  heat 
taken  from  the  source  plus  the  heat  of  the  work  put  into  the 
system.  For  summer  cooling  the  evaporator  and  condenser  are 
usually  interchanged  so  that  the  heat  is  pumped  out  of  the 
living  space. 

The  coefficient  of  performance,  usually  abbreviated  COP, 
of  a  heat  pump  for  winter  heating  is  defined  as  a  ratio  of  the 
quantity  of  heating  produced  to  the  quantity  of  energy  supplied. 
A  COP  of  3  to  1  is  usually  considered  necessary  to  make  the  heat 
pump  economical  as  a  heating  method.  The  COP  as  a  cooling 
machine  for  summer  cooling  is  defined  as  the  ratio  of  the  quan- 
tity of  cooling  produced  to  the  quantity  of  energy  supplied. 
The  COP  for  cooling  is  less  than  the  COP  for  heating  because  the 
energy  supplied  is  not  useful  in  the  living  space  and  must  be 
dissipated  as  is  the  heat  removed  from  the  living  space. 

REVIEW  OF  LITERATURE 

According  to  Penrod  (10)  the  principles  of  operation  of  the 


heat  pump  were  first  proposed  by  William  Thomason  (Lord  Kelvin) 
in  a  paper  presented  at  a  meeting  of  the  Glasgow  Philosophical 
Society  in  December,  1852.  Although  this  machine  was  never 
built,  refrigeration  machines  operating  on  the  Kelvin  air  cycle 
did  come  into  common  use , 

According  to  Ambrose  (1)  an  ideal  source  of  heat  for  the 
heat  pump  is  one  which  is  abundant  and  inexpensive  with  an  average 
temperature  of  40°  F.  to  80°  F.  throughout  the  year.  There  are 
three  conr-on  sources  whjch  may  meet  those  requirements.  They 
are  the  air,  water,  and  soil.  The  air  would  be  a  satisfactory 
source  of  heat  when  the  outdoor  temperature  exceeds  35°  F. 
according  to  Sporn,  Ambrose  and  Baumeister  (12).  However,  in 
many  areas  the  air  temperature  will  be  lower  than  that  and  remain 
lower  for  extended  periods  of  time.  According  to  Stringfield 
(13)  the  temperature  of  the  groundwater  in  non- thermal  wells  at 
a  depth  of  30  to  60  feet  is  satisfactory  as  a  heat  source  in 
nearly  all  of  the  United  States.  In  Kansas  the  ground  water 
temperature  at  those  depths  ranges  from  54°  F.  in  the  northern 
part  of  the  state  to  59°  F.  along  the  southern  border. 

Kemler  (8)  says  that,  if  the  earth  were  used  as  a  heat  source 
at  depths  of  30  to  60  feet,  very  good  operating  conditions  would 
exist  because  the  average  ground  temperature  would  be  near  the 
yearly  average  air  temperature.  Under  those  conditions  a  reason- 
ably high  COP  could  be  attained.  Although,  at  all  reasonable 
depths  for  a  horizontal  ground  coil,  the  soil  temperature  is  not 
uniform  throughout  the  year,  the  soil  temperature  peaks  lag 


jehind  the  air  temperature  peaks.  He  further  shows  that  at 
greater  depths,  there  is  more  lag  and  the  ground  temperature 
variation  throughout  the  year  Is  less,  Coogan  (4)  by  methods  of 
extrapolation  determined  that  at  a  depth  of  40  feet  at  Storrs, 
Connecticut,  a  non-varying  isotherm  of  54°  F.  would  exist. 
Kemler  (8)  shows  that  at  a  depth  of  6  feet  the  coldest  tempera- 
ture of  the  year  occurs  in  March  whereas  the  warmest  temperature 
occurs  in  September.  Both  the  high  and  the  low  peak  temperatures 
occur  at  a  time  of  the  year  when  the  ^emand  on  a  heat  pump  is 
usually  very  small.  At  shallower  depths  than  6  feet  the  lag  is 
less  and  a  peak  demand  might  occur  at  the  same  time  as  the 
lowest  output  of  heat. 

According  to  Kemler  (8)  there  is  no  question  of  the  capacity 
of  the  earth  to  supply  the  heat.  The  big  problem  is  how  to  obtain 
this  heat. 

Dana  (5)  shows  that  it  is  possible  to  extract  heat  from  the 
earth  with  either  a  horizontal  or  a  vertical  pipe  buried  in  the 
soil.  In  each  c  se  the  heat  flow  to  the  pipe  is  dependent  upon 
the  soil  conditions  and  the  temperature  gradient  established  in 
the  soil. 

The  soil  is  nonhomogenous ,  and  any  particular  volume  of  it 
will  contain  several  substances.  The  three  substances  concerned 
are  soil  particles,  soil  air,  and  soil  moisture.  Considering  the 
transfer  of  hei  t  through  soils,  Patten  (9)  states  that  heat  will 
pass  from  soil  grain  to  soil  water  150  times  faster  than  it  will 
pass  from  soil  grain  to  soil  air.  Smith  and  Byers  (11)  state 


that  for  dry  soils   the  thermal  conductivity  of  the  actual  soil 
materials  varies   little  from  one  soil  to  another.     This  would 
indicate  that  the  thermal  conductivity  is  a  function  of  the  den- 
sity and  the  moisture  content  of  the  soil.     Values  of  thermal 
conductivity  as  reported  by  Hogentogl^r   (6)  and  Kemler   (7)  are 
shown  in  Tables   1  and  2  respectively. 

Table  1.  Thermal  conductivity  of  various  soils. 


Material 

• 
• 

1 

: 

K, 

(Btu)    (in) 

• 

(Ttu)    (ft) 

(sq 

ft)    (hr)    (UF.) 

(sq   ft)    (hr)    (UF.) 

Soil  in  earth's 
crust,   dry 

Hand,  white  dry 

Dlatomaceous 
earth 

Mica 

Chalk 

Peat,  dry 

10.7 
2.70 

0.377 
5.22 
6.38 
0.348 

0.891 
0.225 

0.031 
0.435 
0.53 
0.029 

Table  2.  Thermal  conductivities  of  soil  and  related  materials. 


Material 


Very  light  and  dry  soil 
Clay  soil  (65.7) 
Clay  soil  (78) 
Clay  soil  (96) 
Dry  soil 

t   (maximum)  soil 
Wet  soil 
Moist  soil 
Dry  clay  soil 
Moist  clay  soil 
Well  drained  soil 
Wet  sub  soil 


K, 


(Ftu)  (ft) 


(sq  ft)  (hr)  (°F.) 

0.21 

0.14 

0.26 

0.38 

0.08 

2.62 

0.39 

0.83 

0.50 

0.90 

0.55  to  0.57 

1.34 


Table  2.   (concl.) . 


Material 


X, 


(Btu)  (ft) 


(sq  ft)  (hr)  (°F.) 


Dry  sandy  soil 

st  sandy  soil 
Soaked  sandy  soil 
Dry  sand 
Moist  sand 
Sawdust 


0.45  to  0.65 

1.1 

2.4 

0.19  to  0.22 

0.67 

0.93 


(Figures  in  parentheses  are  densities  in  pounds  per  cubic  foot) 


According  to  Dana  (5),  when  heat  is  absorbed  from  the 
earth  by  a  buried  ground  coil,  the  moisture  in  the  soil  will 
migrate  toward  the  cold  pipe.  A  water  vapor  pressure  gradient 
will  exist  in  the  same  direction  as  the  temperature  gradient. 
He  further  states  that  in  winter  heat  pump  operation,  this  is 
an  advantage  because  the  thermal  conductivity  of  the  soil  is 
increased  by  this  additional  moisture.  He  also  shows  that  the 
thermal  conductivity  of  ice  is  higher  than  that  of  water,  indi- 
cating that  a  region  of  frozen  soil  would  be  a  better  thermal 
conductor  than  wet  soil.  Coogan  (4)  found  this  to  be  true. 
This  moisture  movement  characteristic  makes  it  hard  to  predict 
the  thermal  conductivity  which  would  occur  under  operating  con- 
ditions for  a  heat  pump. 

;denholzer  (2)  using  a  ground  coil  evaporator  temperature 

of  20°  F.  obtained  30 H£H with  3/4  inch  copper  pipe  coils 

(hr)  (ft) 
buried  6  feet  deep  and  spaced  6  feet  apart.  In  that  test  he 


found  that  the  ground  temperature  near  the  pipe  had  to  be  reduced 
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1°  F.  for  each  Ptu  obtained  per  hr/ft  of  pipe. 

Dana  (5)  says  that  spacing  the  heat  exchanger  pipes  of  the 
ground  cofl  system  toe  close  together  ^ill  result  in  a  reduced 

acity  for  each  of  the  adjacent  pipes.  Coogan  (3)  presents 
a  mathematical  analysis  for  determining  the  quantity  of  heat 
that  can  be  absorbed  frorr1  the  soil  by  closely  spaced  pipes.  He 
obtained  reasonable  agreement  between  the  mathematical  analysis 
and  experimental  results.  He  assumed  that  the  undisturbed  earth 
tempera tu         1  to  th«  ive^c     sdistnr     arth  tempera- 

-  between  the  surface  and  12  feet  down.  He  shows  this 
equation: 


27Tk  (Tg  -  Tc) 


In 


4D 
d 


1 

/  -  In 
2 


4D2  -  2  Dd 


d< 
Z2  /- 

4 


/  1 


where 


Tc 
D 

d 

k 

z 

In 


heat  absorbed  Btu/hr/ft  of  pipe 

average  undisturbed  earth  temperature,  °F. 

surface  temperature  of  coil 

depth  of  pipe  below  surface,  ft 

pipe  diameter,  ft 


thermal  conductivity  of  soil 
pipe  spacing,  ft 
natural  logarithm 


i  (ft) 


(hr)(sq  ft)  (°F.) 


Coogan  (3)  also  presents  a     vlson   between  the  heat  available 
from  one  tube  of  a  closely  spaced  pair  of  tubes  and  the  heat 
available  from  a  single  tube.  H~  Bakes  the  basic  assumptions 
of  equal  temperature  differ    I  and  equal  soil  thermal  con- 
ductivity for  the  two  conditions.  The  symbols  are  the  same  as 
above  with  the  addition  of  F,  which  is  defined  as  the  ratio 
between  the  heat  absorbed  per  linear  foot  of  one  tube,  when 
there  are  two  tubes  in  the  ground,  and  the  heat  absorbed  per 
linear  foot  of  tube  when  there  1s   only  on*  tube  in  the  ground. 


F  = 


1 

-  In 
2 


1  4 


4D2  .  2Dd 


Z2  /  d2/4 


/  1 


In 


4D 


-  1 


The  heat  available  from  two  different  spacings  a  10- foot  and  a 
2-foot  spacing  of  1  inch  copper  pipe  (1.125  inch  o.d.)  at  a 
depth  of  6  feet  will  be  compared! 

F1Q  =  0.925 

F2     =  0.754 
This  comparison  shows  that  the  10-foot  spacing  would   produce  18 
percent  (based  on  10- foot  spacing)  more  heat  per  foot  under   the 
same  conditions  than  the  2-foot  spacing. 

THE  INVESTIGATION 

The  object  of  this  investigation  was  to  determine  the  thermal 
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energy  flow  characteristics  around  a  ground  coil  for  two  differ- 
ent spacings  of  the  coil  and  for  different  operating  conditions. 

The  flow  of  thermal  energy  within  the  soil  was  to  be  caused 
by  circulation  of  a  controlled  temperature  liquid  in  the  ground 
coil  at  some  temperature  other  than  the  undisturbed  soil  temp- 
erature at  that  depth.  There  were  two  ground  coils  used  in 
this  investigation.  A  ground  coil  consisted  of  a  100  ft  length 
of  1  inch  i.d.  (1.125  inch  o.d.)  copper  pipe  placed  in  a  hori- 
zontal U  shape  at  a  depth  of  six  feet  in  sandy  soil. 

In  one  trench  the  legs  of  the  D  were  10  feet  apart  and  in 
the  other  they  were  2  feet  apart.  Suitable  connections  to  sur- 
face equipment  were  allowed  for  at  the  ends  of  each  of  the  100 
feet  long  t^st  section. 

As  actual  operating  conditions  of  a  heat  pumu  would  have 
been  difficult  to  duplicate,  it  was  decided  to  use  a  continuous 
operation  heat  pump  to  try  to  establish  equilibrium  soil  temp- 
erature conditions.  It  was  thought  that  the  equilibrium  con- 
ditions would  not  be  reached  in  a  time  shorter  than  the  duration 
of  the  7/orst  cold  spells  during  a  Kansas  winter.  The  range  of 
operating  conditions  in  the  ground  coil  was  to  duplicate  both 
winter  and  summer  continuous  operating  conditions.  As  nearly 
as  possible,  the  individual  tests  of  this  investigation  were  to 
occur  at  the  time  of  year  which  might  most  nearly  duplicate  the 
worst  heat  pump  operating  conditions  as  far  as  the  soil  was  con- 
cerned . 

In  order  to  know  what  the  rate  of  heat  flow  was  within  the 
test  section,  it  was  necessary  to  know  both  the  rate  of  fluid 
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'low  and  the  temperature  change  of  the  fluid  in  the  test  section. 
It  was  also  necessary  to  know  the  temperature  gradient  within 
the  soil.  The  most  practical  means  of  obtaining  temperature 
data  both  in  the  soil  and  on  the  pipe  seemed  to  be  by  the  use 
of  thermocouples.  These  were  to  be  used  with  a  potentiometer  so 
that  direct  temperature  readings  could  be  obtained  without  refer- 
ence to  tabular  data.. 

LAYOUT  OF  TEST  EQUIPMENT 


Temperature  Measuring  Equipment 

The  measurement  of  soil  temperature  was  made  by  the  use  of 
copper-constantan  thermocouples.  This  wire  had  an  enamel  finish 
and  was  wrapped  with  nylon.  In  order  to  waterproof  the  ther- 
mocouple electrical  circuit,  the  completed  thermocouples  were 
immersed  in  an  emulsified  asphalt  solution.  This  solution  dried 
upon  exposure  to  air  and  left  the  thermocouples  waterproof.  Be- 
cause of  the  long  length  of  thermocouple  wire  required,  a  ther- 
mocouple circuit  employing  one  coraron  wire  was  used  to  reduce 
the  length  of  the  constantan  wire  purchased.  In  this  method  the 
bare  copper  wire  was  wrapped  around  the  bare  constantan  wire  at 
the  point  where  the  temperature  w  s  to  be  measured.  The  junction 
was  then  soldered  previous  to  being  dipped  in  the  emulsified 
asphalt  solution.  The  several  copper  wires  were  connected  to  a 
selector  switch  so  that  the  circuit  containing  the  desired  ther- 
mocouple could  be  located  through  the  switch  arrangement.  The 
individual  wires  were  made  long  enough  to  reach  to  a  switch  panel 
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Located  inside  the  housing  which  was  used  to  protect  the  surface 
equipment.  For  most  of  the  first  test,  a  millivoltmeter  was 
used  to  determine  the  temperature  at  the  various  thermocouple 
locations.  A  potentiometer  with  the  scale  graduated  for  a 
copper  cons tan tan  thermocouple  was  used  for  the  remainder  of  the 
tests. 

The  thermocouples  were  located  in  the  ground  as  is  shown 
in  Figures  2  and  4.  These  cross  sections  were  located  at  a 
point  20  f^et-in  a  direction  along  the  pipe-away  from  the  be- 
ginning of  the  test  section.  The  temperatures  at  the  entrance 
and  exit  of  the  test  sections  were  determined  by  means  of  a 
thermocouple  soldered  onto  the  copper  pipe  at  each  of  those 
points. 

Heat  Flow  Measuring  Equipment 

The  measurement  of  the  quantity  of  heat  flow  required 
the  measurement  of  the  quantity  of  fluid  circulated  and  the 
temperature  difference  betwepn  the  entering  and  leaving  fluid. 
The  temperature  difference  was  measured  by  thermocouples  at  the 
exit  and  entrance  of  the  test  section  whereas  the  rate  of  fluid 
flow  was  measured  by  means  of  a  calibrated  water  meter.  Two 
meters  were  required,  one  for  each  test  section.  Both  of  these 
meters  were  equipped  with  hot  water  discs  and  were  graduated  in 
gallons.  In  the  test  using  calcium  chloride  brine,  it  was 
necessary  to  determine  the  specific  gravity  of  the  solution. 
Therefore,  the  following  formula  was  used  to  determine  rate  of 


heat  flow  in  Btu/  (hr)  (ft)  and  the  symbols  are  explained 
Immediately  following: 


Btu/(hr)    (ft) 


QnjXKnjXWxSxdt 


Btu/(hr)  (ft)  ■  British  thermal  units  per  hour  per 

foot  of  pipe. 
Qn,  =  fluid  flow  rate  through  meter  in 

gallons  per  hour. 
Km  =  meter  correction  factor. 
'  =  pounds  of  fluid  per  gallon. 
S  S  specific  heat  of  fluid,  Btu/pound. 
L  «  length  of  test  section  in  fe<?t. 
dt  =  temperature  difference  of  entering  and 
leaving  water,  degrees  Fahrenheit. 

The  fluid  was  circulated  by  means  of  a  pump  and  the  rate 
v.as  controlled  by  means  of  valves  in  the  line.  On  two  of  the 
tests  a  pipe  circuit  with  control  valve  was  used  to  by-pass  the 
pump.  This  by-pass  line  connected  the  discharge  side  of  the 
pump  to  the  suction  side  and  afforded  a  means  of  excellent  con- 
trol on  a  centrifugal  pump.  With  this  by-pass  valve  fully 
closed  the  entire  discharge  of  the  pump  had  to  go  through  the 
test  section.  This  method  also  allowed  positive  shut-off  of  the 
fluid  flow  by  means  of  another  valve  without  adjustment  dis- 
turbance of  the  control  valve  when  it  was  necessary  to  cease 
operation  for  needed  repairs.  This  method  was  used  with  both 
a  centrifugal  pump  and  positive  displacement  pump. 

On  the  other  tests  a  single  suction  centrifugal  pump  was 
used  as  a  circulator.  The  rate  of  flow  was  controlled  by  the  use 
of  restricting  valves  in  the  line. 
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Temperature  Control  Equipment 


For  the  tests  in  extraction  of  heat  from  the  soil,  it  was 
necessary  to  have  refrigeration  machinery.  A  milk  cooler  tank 
with  about  300  gallons  liquid  capacity  was  obtained  for  use  as  a 
space  to  immerse  the  evaporator  coil  of  the  condensing  unit  in 
the  fluid.  The  tank  had  a  lid  and  the  necessary  connections  for 
piping  and  refrigeration  control.  In  the  first  test,  two  small 
condensing  units  were  used  and  they  later  proved  to  be  inadequate 
due  primarily  to  the  large  heat  gain  within  the  building.  These 
units  were  a  3/4  horsepower  and  a  1/3  horsepower  condensing  units. 
For  the  two  tests  with  calcium  chloride  brine  as  the  circulated 
fluid,  a  3  horsepower  condensing  unit  was  used  to  remove  the  heat 
from  the  brine  in  the  tank.  The  tank  was  provided  with  baffles 
so  that  the  brine  went  under  one  baffle  and  over  the  next.  There 
were  10  baffles  in  all.  An  extra  circulation  pump  was  provided 
to  keep  the  brine  at  nearly  uniform  temperatrire  conditions 
throughout  the  tank.  The  temperature  controls  on  the  condensing 
unit  were  set  at  a  differential  temperature  of  1°  F.  This  con- 
trol included  a  mercury  switch  which  was  rather  sensitive  to 
vibration.  The  part  of  the  controls  containing  the  mercury 
switch  was  mounted  on  the  wall,  and  whenever  the  compressor 
started,  the  vibrations  were  enough  to  cause  a  break  of  contact 
with  the  mercury  column.  This  resulted  in  some  blown  fuses  and 
one  abandoned  test.  The  situation  was  corrected  by  mounting  that 
part  of  the  controls  on  a  post  just  outside  the  housing. 

The  method  used  to  simulate  summer  cooling  with  a  heat  pump 
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was  to  circulate  hot  water  In  the  ground  coll.  The  water  was 
heated  by  electric  Immersion  heaters  placed  near  the  bottom  of 
an  Insulated  tank.  The  liquid  immersion  thermostat  mounted  on 
the  side  of  the  tank  had  a  range  of  60°  to  160°  F.  with  a  1°  F. 
differential.  The  tank  had  a  liquid  capacity  of  100  gallons. 
The  electrical  demand  of  the  Immersion  heaters  was  4,200  watts. 

Housing 

With  as  much  equipment  as  was  necessary  for  this  investi- 
gation, some  housing  was  mandatory.  A  war  surplus  bus  body 
served  as  the  housing  for  the  equipment.  It  served  the  need 
quite  well  except  for  the  previously  mentioned  vibration.  All 
surface  equipment  was  housed  in  this  old  bus  body.  Because  of 
the  length  of  time  required  for  personnel  to  be  in  the  enclosure, 
some  supplementary  heat  was  necessary  during  the  wintertime. 
All  the  thermocouple  leads  were  brought  inside  to  a  switch  panel 
so  that  the  temperature  data  co'ild  readily  be  observed  and  re- 
corded. The  time  required  for  that  operation  varied  from  45 
minutes  to  2  hours. 

During  the  late  spring  of  1949  it  became  necessary  to  move 
the  housing  to  make  room  for  the  new  college  fleldhouse.  How- 
ever, It  was  still  possible  to  carry  on  the  investigation  with 
the  remaining  equipment.  A  smaller  shelter  was  set  up  for  the 
pump,  and  covers  were  Placed  over  the  electrical  controls.  A 
tractor  umbrella  was  used  to  eliminate  the  glare  of  the  sunlight 
upon  the  potentiometer. 


TEST  PROCEDURE 


ro  tests  were  run  on  each  spacing  of  the  horizontal  pipe. 
Each  of  the  tests  was  run  for  a  length  of  time  until  equili- 
brium or  as  nearly  as  possible  equilibrium  conditions  were 
established.  Test  number  one  was  continued  after  the  establish- 
ment of  apparently  equilibrium  conditions.  Equilibrium  condi- 
tions were  impossible  to  establish  during  test  number  four.  The 
time  of  each  test  during  the  year  was  such  that  the  soil  condi- 
tions were  nearly  the  same  as  they  might  be  with  an  operating 
heat  pump  installation. 

At  the  start  of  each  test  the  temperature  difference  between 
the  entrance  and  exit  of  the  section  vas  determined  once  every 
two  to  four  hours.  In  about  three  days  the  number  of  readings 
was  reduced  to  two  complete  sets  of  temperature  readings  each 
day.  Toward  the  last  of  each  test,  the  number  of  readings  was 
reduced  to  one  per  day.  Sufficient  time  was  required  for  making 
these  readings,  so  that  it  was  also  possible  to  obtain  the  infor- 
mation on  the  rate  of  fluid  circulation.  The  water  meter  was 
rea^  at  the  beginning  and  at  the  end  of  the  time  required  for 
making  the  temperature  readings.  The  specific  gravity  of  the 
calcium  chloride  brine  solution  was  determined  in  order  to  find 
out  the  specific  heat  of  the  brine  solution.  As  nearly  as  possi- 
ble, a  constant  pumping  rate  through  each  test  section  was  main- 
tained. 

The  tests  with  different  fluids  and  spacings  are  listed  with 
the  occurrence  and  duration  of  each  test. 


Test  Spacing  Fluid 


1 

2   ft 

2 

10   ft 

3 

2   ft 

4 

10   ft 

Started 


Ended 
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Hours 


Cold  water  Dec.  13,  1948  Jan.  13,  1949  750 

Prine      Mar.  26,  1949  Apr.  13,  1949  422 

Apr.  13,  1949  Apr.  27,  1949  339 

Aug.  23,  1949  Sept.  20,  1949  648 


Frine 
Hot  water 


Test  One 

Test  number  one  consisted  of  circulating  cold  water  In  the 
100  feet  of  test  section  of  the  1  Inch  1.  d.  (1.125  Inch  o.d.) 
copper  pipe  buried  6  feet  deep  in  a  horizontal  U  shape  with  the 
legs  of  the  U  2  feet  apart.  This  test  was  started  on  December 
13,  1948  and  was  run  continuously  until  January  13,  1949.  This 
covered  a  time  period  of  750  hours .  The  cold  water  entered  the 
test  section  at  a  temperature  near  35°  F.  Table  3  shows  the 
water  flow  rate  and  temperature  data  for  this  test.  The  heat 
transfer  rate  as  shown  in  Fig.  1  was  high  for  the  first  few 
hours  of  the  test  and  gradually  decreased  until  after  150  hours 
a  fairly  stable  condition  existed  in  the  soil.  The  temperature 
difference  between  the  pipe  and  the  thermally  undistrubed  soil 
at  6  feet  deep  was  relatively  small,  being  about  8°  F.  or  9°  F. 
Over  the  entire  period  of  continuous  operation  under  those  con- 
ditions, an  average  of  21.5  Btu/(hr)  (ft)  was  removed  from  the 
soil.  Since  there  was  no  further  decrease  In  the  heat  flow  rate 
after  the  first  150  hours  of  operation,  an  average  heat  flow  rate 
based  on  400  hours  of  continuous  operation  should  be  safe  to  use 
for  design  with  a  cycling  heat  pump.  If  the  temperature  differ- 
ence between  the  pipe  and  the  thermally  undisturbed  soil  had 
been  larger,  undoubtedly  a  larger  quantity  of  heat  per  unit  time 


18 


<§~ 


CO  r^\ 


cm  O  cm:  a 

...        rH  H 





■i.c-.  rv.  H ; 


i^.oicj 


-u 


f-.  tfl 

may 


r  < 


- 


0 

tA      ! 


19 


c 

o 
n) 

p. 

CO 

•p 

o 
o 

*H 

I 
o 


■P 

CO 
CD 
■P 

U 

o 

p 

05 
'O 

s 


P 
CO 


i-i 

CO 


£< 


J3 

v 

-p 


• 

3  O 

P  C 

CO  o 

^  u 

CD  <D 

B  *H 

§ 


T3  W) 

-p  ^ 

to  o 

E  •! 

2  CD 

a  e 
o 

<4-> 


•P 

CO 
O 


co  (NvO  IN  vO  CM  IfNCOfO  Cv 

COtUX)  -sfCO  ovnoooo  CM 

•     ••••••••  • 

CVCVHWHOHHH  rH 


iH  CM  CMCOm«tf-  CM  On 

CO  <mU\vONvOvO 

*  ••••••• 

r-t  HCMHrlHHC 


OOOOOOOOOlnVNOsOOOO 
CN**-  CMvOvO  OvO  OOvO^OvOCO  c>Ht> 
CO^t\0^t<vO'*v£>rHiH  \TvlT\lr\CO  0nCO 
^TrsrrOrOCMCOCMiHCMCMrMrHrHrHiH 


O  ^V\OOOOOO^N 

iH  Xf\  rH  rO  rH  rH  O^vO  O  O  f*"! 

\T\  rO(\l  CM  INCO tooo  (NCO 

CM  CM  CM  CM  rH  CM  rH  rH  CM  rH 


Vn      sOCMCM**        "tO        ININ       CMCMCM        CM        C^  CM  CM  \0  IN  CM  CM  CM  CM 
\I-\\T\*t  C^-C^O        OOCO  CM  CM\T\COCOOJ        CO        CM  CO  CO  rO  CM  CO  CO  CO  0C  <o 


•tj- rOoO  CM  CM  CM        CMrHrHCMCMrHrHiHrH 


CMrHrHrHCMiHiHiHrHrH 


COXfNCCCOCOCOCOCO  O  OvO^OCNO  tNtfNO  OC^ONCO^NOvOOO 

CMrHCMOlCOCMCMC\iCMfY;C'lfNCN-«tvO'5l-OvOCM^-vD(SOcX;^-a  !NCO  CM 
\rv\r\\T\\r\U-\VMO\r-.5*  *tf  rOrOCM  CM  CM  CM  CM\D  CO  CM  **  "tflTx^r  CM  CM  rOrH  rH 
rHrHrH^rHrHrHfHrHiHrHrHrHiHtHrHrHrHiHiHiHrHiHrHfHrHrHiHrH 


mtNCN-tNcnrNINCO  OOOtOrONfOO  Olr*XT\OtT\0  COOCOO>AO 
■4r\rH\OiHvOrHrHrHO^">0^r\CMrOiH  C>*C\U-\  IN  IN  O  C^-XOfOlT^O  OtNO 

OrH  c"p\r\C^O  <  rOlTNCO  rH  «*  CN^O  ^  CNCO  O  r-i  OCM  Vr-o^Oou  r^io-l^ 
iH  rH  CM  CM  CM  cnrn^-\r»\rv\r\\xMfNC^C^coco  OHOvO  tNOvO 

rH  rH  rH  rH  rH  CM 


ft 


E 
CO 


OOCOOOOcoNOlnOOOrlOO^O  OV\U>0»AO  OOVNOV\0 


••    ••    •• 


•  •    ••     ••    ••    •« 


••     ••    •• 


CO 

OrH 

i 


OOhh m\r\co  cm ONfH cm\t\co orocM **■  rococo ovoco onocm  o mc-irH 

rH  rH  rH  rH         rH  rH  rH  rH 


cnrornrnroromrott  *fr  <rf/  *fr  %*- \r\tf\lr\\r\\rx\r  vO\O^OvO  tNC^oo  OOH^ 

rHrHrHrHrHiHiHrHrHrHrHrHrHrHiHrHrHrHrHrHrHrHiHrHrHrHCVCMCVCM 


20 

• 

:■- 

D 

0 

*^> 

rO(jsH 

-P 

-M 

CO  C-CO 

Oh 

*H 

•      •      • 

•  •        •• 

ft) 

o^o 

XJ 

XrvrHr-l 

V 

\0\0  iH 

s 

rHrHrH 

+> 

FQ 

•  •     •* 

0 

f-t  0) 

3  o 

•P  c 

co  a 

fi  f-, 

V\U>0 

0  c 

•     •     • 

J2-«M 

rH  r-t  iH 

E*-< 

0  -H 

E-fO 

•  •      •  • 

•O 

i 

h  -p 

oom 

.c  o 

•   •   • 

v  a 

OJC  ro 

rH    Jh 

roCM  ro 

cd  *-< 

r-lr-lr-t 

o  o 

o 

M     •« 

■O  en 

0)  P 

P  «3 

a)  O 

C>. 

H£ 

Ovoq 

2 

•   •   • 

• 

Hstrn 

3  O 

OCMlo. 

O  E 

tNC^IN 

OfH 

<C-P 

• 

^v 

•  •    •« 

• 

■  11 

r-i 

aaa 

V 

0 

a 

E 

ooo 

o 

TH 

0«fr  o 

O 

E-* 

••«••• 

>—■ 

••  •• 

cnaj  o 

• 

m 

0 

o 

0 

4-> 

•^ 

rH 

05 

•  o     rH  c\j  m 

ifi 

P 

C  rH         r-l  rH  rH 

n 

a) 

E-t 

r^ 

21 

could  have  teen  removed.  The  average  rate  of  heat  flow  for  400 
hours  was  1.68  Etu/  (hr)  (ft)  (°F.).  The  temperature  differ- 
ence was  that  difference  between  the  pipe  and  thermally  undis- 
turbed soil  at  6  feet  deep.  The  isotherm  curves  in  Fig.  2  for 
this  test  show  that  the  distance  from  a  pipe  to  the  thermally- 
undisturbed  soil  at  6  feet  was  3.5  feet.  This  indicates  that 
in  this  region  a  spacing,  between  horizontal  1  inch  copper  pipes, 
of  7  feet  is  wide  enough  that  adjacent  pipes  will  not  influence 
each  other,  if  water  Is  circulated  in  the  pipes  at  a  depth  of 
6  feet. 

The  lowest  temperature  recorded  for  the  thermally  undis- 
turbed soil  at  6  feet  deep  was  43°  F.  Since  the  circulated 
water  temperature  had  to  be  above  the  freezing  point  of  water, 
the  total  temperature  differential  was  necessarily  of  small 
magnitude  and  that  limited  the  quantity  of  heat  available  per 
unit  length  of  the  pipe.  For  that  reason  it  was  thought  that 
the  circulation  of  water  in  a  closed  ground  coil  circuit  did  not 
represent  a  very  satisfactory  method  of  extracting  heat  from  the 
earth.  Therefore,  it  seemed  that  if  the  earth  is  to  serve  as  a 
source  of  heat  for  the  heat  pump,  lower  temperatures  in  the 
ground  coil  must  be  obtained.  Calcium  chloride  was  added  to 
the  water  to  make  a  brine  solution  which  had  a  freezing  point  at 
less  than  10°  F. 

Test  Two 


st  number  two  consisted  of  circulating  a  cold  calcium 
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chloride  brine  solution  in  the  test  section  with  the  two  pipes 
(one  U  shaped  pipe)  spaced  10  feet  apart.  The  test  was  started 
on  March  26,  1949  and  ended  on  April  13,  1949.  The  continuous 
running  time  was  422  hours.  Temperature  conditions  were  observed 
after  the  cold  brine  circulation  was  stopped.  Figure  3  shows 
the  rate  of  heat  absorption  versus  time  for  this  test.  The 
brine  flow  data  is  given  in  Table  4.  A  typical  isotherm  curve 
for  this  test  is  shown  in  Fig.  4.  Over  the  entire  period  of 

the  test,  an  average  of  56.8  Btu/(hr)  (ft)  was  obtained.  The 

«      Ftu 
average  heat  flow  rate  for  400  hours  was  2.42  ,   VftH°F  )* 

The  temperature  difference  was  from  pipe  to  undisturbed  sandy 
soil  at  6  feet  deep. 

The  pipe  temperature  at  a  point  along  the  pipe  20  feet 
from  the  entrance  averaged  21°  F.  The  refrigeration  controls 
had  a  1°  F.  differential  temperature  and  were  set  at  15°  F. 
Some  heat  was  gained  by  the  brine  in  its  path  from  the  supply 
tank  to  the  test  section,  but  as  the  pipe  temperature  was 
measured  at  the  entrance  and  exit  of  the  test  section,  the 
gain  was  of  no  significance. 

During  the  422  hours  of  continuous  operation  a  condition 
near  equilibrium  was  established  in  the  soil  surrounding  the 
ground  coil.  Approximately  250  hours  were  required  to  establish 
that  condition.  Figure  5  shows  the  temperature  versus  time 
curves  for  various  distances  from  the  pipe  for  this  test.  The 
steady  state  or  equilibrium  condition  could  not  be  attained 
until  all  freezing  of  soil  moisture  had  taken  place.  There 
seemed  to  be  no  freezing  after  the  initial  150  to  200  hour  period 
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of  operation.  Coogan  (4,  p.  7)  found  that  200  hours  were  re- 
quired before  the  heat  of  fusion  became  unimportant  under 
operating  conditions  similar  to  test  2.  Since  the  frozen  soil 
extended  in  each  direction  for  only  slightly  more  than  6  inches, 
the  heat  available  from  the  heat  of  fusion  was  of  small  import- 
ance because  of  the  200  hours  required  to  obtain  all  of  it.  How- 
ever, ice  is  a  better  conductor  of  heat  than  either  water  or 
dry  soil,  so  the  freezing  of  the  soil  ?;as  of  some  importance 
fror  the  conduction  standpoint.  The  heat  of  fusion  would  be 
more  important  to  a  cycling  heat  pump  than  to  a  continuously 
operated  heat  pump,  if  both  were  operated  slightly  below  the 
freezing  point  of  water.  The  cycling  heat  pump  would  have  the 
benefit  of  freezing  and  thawing.  The  thawing  of  the  frozen  soil 
in  this  test  was  quite  rapid  after  thermal  recovery  was  started. 

Although  the  frozen  zone  thawed  rapidly,  complete  recovery 
of  the  thermally  disturbed  zone  was  rather  slow.  Even  after 
300  hours  of  recovery,  the  affected  soil  war.  still  slightly 
cooler  than  the  undisturbed  soil. 

A  comparison  of  the  soil  temperatures  at  a  point  midway 
between  the  pipes  and  6  feet  deep  with  the  points  at  the  same 
deoth  and  distance  from  the  pi  J*,  but  located  outside  rather 
than  between  pipes,  is  shown  in  Fig.  6.  Although  the  tempera- 
ture difference  was  only  2°  F.,  it  shows  that  they  did  not 
be nave  as  individual  pipes.  A  point  located  5  feet  away  from 
th?  pipe  in  both  the  horizontal  and  vertical  (deeper)  directions 
was  not  affected  by  the  pipe.  This  would  indicate  that  a  pipe 
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spacing  of  14  feet  would  nearly  eliminate  the  effect  of  one 
pipe  on  the  other  under  the  temperature  and  depth  conditions 
of  t  o's  test. 

After  the  steady  state  condition  was  obtained ,  there  was 
no  further  decrease  in  the  heat  flow  rate.  Probably  this  was 
because  there  was  moisture  migration  toward  the  cold  pipe. 
soil  has  a  higher  thermal  conductivity  than  dry  soil.  The  soil 
t   the  pipe  was  much  wetter  than  the  more  distant  soil  at  the 
same  depth.  The  following  soil  moisture  data  were  taken  three 
days  after  the  heat  pump  was  stopped. 


Talle  5.  Soil  moisture  content  at  6  feet  deep  after  test  2. 


Distance  from  pipe: 


he  s 


Moisture  content: 
percent 


6 
12 
18 
24 
36 


U.35 
9.33 

9.08 
7.89 
7.8? 


Figure  5  shows   that  nearly  one-third  of  the  total  tempera- 
ture drop  in  the  soil  occurred  in  the  first  6  inches  around  the 
pipe  and  that  nearly  one-half  occurred  in  the  first  foot. 
Apparently  a  pipe  spacing  of  two  feet  would  be  adequate   to  obtain 
a  large  percentage  of  the  heat  which  could  be  obtained  by  much 
wider  sr>acings.     A  pipe  spacing  of  only  one  foot  would  apparently 
be  s   tis factory.     A  large  proportion  of  the  installation  cost  for 
a  ground  coil  is   for  digging  the  trench.     If  a  hairpin  looped 


ground  coil  is  placed  in  a  single  trench,  a  considerable  saving 
in  the  length  of  trench  required  will  be  achieved.  It  would  be 
necessary  to  dig  in  under  the  walls  of  the  trench  in  order  to 
get  as  wide  a  spacing  as  possible. 

Test  Three 

Test  three  consisted  of  the  circulation  of  cold  brine  in 
the  1  inch  copper  pipe  buried  6  feet  deep  and  spaced  2  feet 
apart.  It  was  run  with  the  temperature  controls  set  the  same 
as  in  test  two  and  was  started  on  the  same  day  that  test  two 
was  stopped,  April  13,  1949 .  The  failure  of  the  circulation  pump 
caused  the  stopping  of  this  test  on  April  27,  1949,  so  that  the 
total  running  time  was  339  hours.  During  this  time  it  was  nec- 
essary to  make  almost  daily  adjustments  of  the  by-pass  valve 
which  controlled  the  rate  of  flow  of  the  brine.  Table  6  shows 
the  brine  flow  data  for  test  3.  The  average  heat  flow  rate  for 

the  test  was  47.4  ...  •';* "   ,  .  By  extrapolating  the  heat  flow 

(hr)  (ft) 

rate  versus  time  curve  from  33°  to  400  hours,  the  average  rate 
of  heat  flow  was  found  to  be  1.83  ■;■  ■  wf»\  /uF  \  fcr  400  hours. 
The  temperature  difference  was  between  the  pipe  and  the  thermally 
undisturbed  soil.  The  soil  was  frozen  for  almost  6  inches  from 
the  pipe.  Figure  3  shows  a  comparison  of  the  heat  flow  rate  of 
test  two  and  test  three.  A  typical  isotherm  curve  for  this  test 
is  shown  in  Fig.  7. 

The  400-hour  average  h*at  flow  rate  of  1.83  Btu. 

9   (hr)  (ft)  (UF.) 

for  ttst  three  was  about  6  percent  higher  than  the  similar  rate 
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)f  1.68 


Btu 


(hr)  (ft)  r^j 


for  test  one.  This  was  probably  due  to 


the  heat  of  fusion  when  ice  was  formed  and  to  the  increased 
conductivity  of  frozen  soil  over  wet  soil. 

A  comparison  of  test  two  and  test  three  showed  that  the 
2-foot  spaced  ground  coll  extracted  only  75.8  percent  as  many 

B  tn 

(hr)  (ft)  (UF.)  as  ^^  the  10"*foot  spaced  ground  coil  when 
operated  under  the  same  conditions.  Therefore,  with  a  2-foot 
spacing  25  percent  more  pipe  would  be  necessary  to  do  the  same 
job  as  with  a  10-foot  spacing.  However,  since  the  2-foot  spaced 
pipe  could  be  placed  in  a  single  trench,  there  would  be  a 
saving  of  37.5  percent  on  the  length  of  trench  necessary.  If 
space  is  not  a  limiting  factor,  the  relative  cost  of  pipe  and 
trench  digging  will  determine  the  pipe  spacing  used  for  a  heat 
pump  using  the  earth  as  a  heat  source. 

Coogan  (3,  p.  14)  defined  F  as  the  ratio  of  the  h«at  absorbed 
per  linear  foot  of  pipe,  when  there  were  two  pipes  in  the  ground, 
to  the  heat  absorbed  per  linear  foot  with  only  one  pipe  in  the 
ground.  F  for  the  10-foot  spacing  in  this  test  was  0.925.  F 
for  the  2- foot  spacing  was  0.754.  A  comparison  of  these  two 
ratios  shows  that  the  2- foot  spacing  would  absorb  81.5  percent 
as  much  heat  as  the  10- foot  spacing.  Considering  the  many 
assumptions  necessary,  this  value  of  the  ratio  of  F2/F10  c  0.815, 
compares  favorably  with  the  ratio  of  Q2/Q10  which  is  0.758.  How- 
ever, since  the  theoretical  ratio,  F2/F1q  is  greater  than  the 
actual  ratio,  Q2/Qio»  the  theoretical  ratio  was  not  on  the  safe 
side  for  design  purposes. 
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Although  these  tests  were  performed  using  a  circulated 
liquid  in  the  ground  coil  to  bring  heat  to  the  heat  pump,  a 
system  which  works  just  as  well  for  heat  absorption  is  direct 
expansion.  This  system  uses  the  refrigerant  in  the  ground 
coil,  and  the  ground  coil  becomes  the  evaporator  of  the  refriger- 
ation system.  One  heat  transfer  is  eliminated,  and  the  heat 
pump  should  then  operate  under  better  conditions  as  far  as 
evaporator  temperature  is  concerned. 

Test  Four 


In  summer  when  the  heat  pump  would  be  used  for  cooling  of 
living  space,  the  problem  becomes  one  of  dissipation  of  thermal 
energy.  The  energy  which  must  be  dissipated  is  the  heat  removed 
from  the  space  plus  the  work  of  compression.  The  problem  is 
complicated  by  the  tendency  of  the  water  vapor  pressure  gradient 
to  be  in  the  same  direction  as  the  temperature  gradient. 

Test  four  simulated  heat  pump  summer  conditions  as  far 
as  the  ground  coil  was  concerned  by  having  hot  water  circulated 
in  it.  A  temperature  of  120°  F.  in  the  hot  water  tank  was 
selected  as  a  temperature  which  might  represent  the  condenser 
temperature  of  the  refrigeration  unit.  The  water  was  heated  by 
electric  immersion  heaters. 

On  July  12,  194°,  a  hot  vater  tost  on  the  10- foot  spacing 
was  started  but  had  to  be  discontinued  on  July  31  because  of 
irregularity  of  the  power  supply. 

Apparent  recovery  was  allowed  and  a  new  test  was  started 


on  August  23,  1949.  The  test  ran  for  64-8  hours  and  was  stopped 
on  September  20.  Figure  8  shows  that  the  average  rate  of  heat 


dissipation  for  648  hours  was  54 


Ptu 


Table  7  shows  the 


(hr)  (ft)' 
water  flow  data  for  this  test.  The  heat  dissipation  rate 

decreased  steadily  throughout  the  time  of  continuous  operation. 

Steady  state  conditions  not  only  were  not  achieved  but  they 

were  not  even  approached.  The  average  rate  of  heat  dissipation 

for  400  hours  was  1.3      Ft"   — _  with  the  temperature 

(hr)  (ft)  (UF.) 

difference  taken  between  the  pipe  and  thermally  undisturbed 

soil,  which  was  more  than  5  feet  av,ay  horizontally  as  shown  in 

Fig.  11.  For  the  same  pipe  spacing  and  time,  the  average 

Btu 

(hr)  (ft)  (°F.)  for  dissiPation  was  considerably  less  than  the 

same  rate  for  heat  absorption.  The  actual  dissipation  rate  at 


the  end  of  the  test  was  0.  .'" 


Ptu 


The  use  of  the 


(hr)  (ft)  (OF.) 
400-hour  average  is  not  a  safe  criterion  for  heat  dissipation 

because  the  dissipation  rate  continually  decreased.  A  typical 
isotherm  curve  for  this  test  is  shown  in  Fig.  9. 

At  the  conclusion  of  test  four  an  attempt  was  made  to 
obtain  soil  samples  for  moisture  determinations.  In  the  immediate 
vicinity  of  the  pipe  the  sandy  soil  was  too  dry  and  powdery  to 
stick  to  the  soil  auger.  The  drying  of  the  soil  apparently  was 
the  cause  of  the  decrease  in  the  heat  dissipation  rate.  Figure 
10  shows  that  the  temperature  gradient  in  the  soil  changed  very 
little  after  the  first  200  hours  of  continuous  operation.  How- 
ever, the  heat  dissipation  rate  continued  to  decrease  after  that 
time,  indicating  that  the  drying  out  of  the  soil  was  the  most 
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influential  factor  in  the  continued  decrease  of  the  heat  dissipa- 
tion rate. 

If  the  heat  pump  which  uses  a  ground  coil  is  to  be  us<^d  for 
sumr.er  cooling,  some  method  for  wetting  the  soil  around  the 
pipe  must  be  planned  unless  the  cooling  load  is  a  very  small 
portion  of  the  total  annual  load. 

SUMMARY 


1.  The  earth  is  the  only  economical  source  of  heat  for  a 
heat  pump  for  all  regions  where  a  domestic  heat  pump  might  be 
desired. 

2.  The  rate  of  heat  absorption  from  the  earth  was  high 
when  the  heat  pump  was  first  started  but  was  gradually  reduced 
until  a  relatively  steady  state  existed.  After  approaching  the 
steady  state,  no  further  reduction  in  the  heat  absorption  rate 
occurred  regardless  of  the  length  of  time  of  operation. 

3.  The  rate  of  heat  dissipation  into  the  earth  was  high  at 
first  and  decreased  with  time  of  continuous  operation.  Steady 
state  conditions  were  not  achieved  even  with  a  30-day  period  of 
continuous  operation. 

4.  1/Vhen  heat  was  being  absorbed  from  the  earth,  the  soil 
moisture  moved  toward  the  cold  pipe  and  the  soil  near  the  pipe 
was  considerably  wetter  than  the  soil  a  few  feet  away  from  the 
pipe. 

5.  When  heat  was  being  dissipated  into  the  earth,  the 
soil  moisture  moved  away  from  the  hot  pipe  and  the  soil  near  the 
pipe  became  very  dry. 


6.  The  heat  absorption  rate  was  higher  than  the  heat 
dissipation  rate. 

7.  For  successful  dissipation  of  heat  to  the  earth  from 
a  horizontal  ground  coil  for  any  extended  period  of  time,  a 
supplemental  supply  of  water  to  the  ?oil  around  the  pipe 
apparently  rould  be  necessary. 

8.  A  horizontal  pipe  spacing  of  10  feet  would  apparently 
be  a  greater  spacing  than  is  necessary  when  cold  water  is  cir- 
culated in  the  ground  coil  during  winter  heat  pump  operation. 

9.  If  a  direct  expansion  ground  coll  is  used  at  a  depth 
of  6  feet  with  an  evaporator  temperature  of  20°  F.,  apparently  a 
pipe  spacing  of  12  to  14  feet  would  be  sufficient  to  get  the  maxi- 
mum frer:  each  unit  of  pipe. 

10.  When  a  hairpin  ground  coil  with  the  pipes  spaced  2  feet 
apart  at  a  depth  of  6  feet  in  a  single  wide  trench  is  used, 
about  25  percent  (based  on  10-foot  spacing)  more  pipe  would  be 
required  than  if  a  10-foot  spacing  under  the  same  conditions  were 
to  be  used.  However,  under  those  same  conditions  37  percent  less 
length  of  trench  would  be  required.  Additional  space  between  the 
pipes  of  the  hairpin  coil  can  be  obtained  by  digging  under  the 
trench  wall  at  the  bottom. 

11.  The  thermal  energy  available  due  to  the  heat  of  fusion 
of  the  soil  moisture  was  of  minor  importance  to  a  continuously 
operated  heat  pump  because  a  period  of  about  200  hours  was  re- 
quired to  freeze  the  soil  for  about  6  inches  around  the  pipe  with 
a  pipe  temperature  of  20°  F. 
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12.  More  research  on  this  subject  is  needed  especially  in 
regard  to  design  values  for  heat  flow  in  soil  under  the  condi- 
tions of  a  cycling  heat  pump. 
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